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I. INTRODUCTION

The piesent understanding of deep-level defects in GaAs and other III-V com-

pound semiconductors is presented by a substantial number of publications in

the literature [1-9], but still leaves much to be desired after two decades

of study. Speculations on the physical nature of native defects and complex-

es are still very tentative and uncertain. It is not even possible to assign

with any assurance a simple gallium vacancy (VGa) or arsenic vacancy (VAs)

related d-fect to a particular energy level observed in gallium arsenide.

In one aspect understanding has been improved. GaAs specimens grown by vari-

ous techniques such as LPE, VPE, MOCVD, MBE, and LEC, are now recognized as

likely to have different properties in terms of energy levels within the band-

gap due to differences in defect energy levels and trace impurities or impurity JJ
complexes. For examples GaAs grown by liquid-phase epitaxy (LPE) technique from

a gallium melt is exp_ -I to be low in gallium vacancy defects and possibly j
high in arsenic vacancies. LPE GaAs usually contains hole traps with energy

levels of Ev+0.40 eV (A-center) and Ev+0.71 eV (B-center), while VPE GaAs

layers grown in arsenic-rich conditions always contain an electron trap with '
energy of Ec-0. 8 3 eV (EL2 level). The reason for observing these levels in

the LPE and VPE GaAs is still not clear. Also depending on the construction

of the system and the care with which it has been prepared and cleaned, the

VPE GaAs epilayers may contain additional levels other than the EL2 level.

Deep-level defects play an important role in influencing the material proper-

ties and device performance. The deep-lavel defects may (1) reduce carrier

mobL.ity due to increase in ionized impurity scattering, (2) change carrier
Idensity from shallow impurities, (3) reduce device speed due to trapping

1 ~Ij



I effect, (4) degrade device performance via nouradiative recombination and

7i trapping mechanisms.

The goal of this research program is to conduct a systematic study of the

grown-in deep level defects and transport properties in GaAs specimen grown

by the VPE, LPE., and LEC techniques under various growth conditions. To

achieve this research goal, four LPE GaAs samples, twelve VPE GaAs specimens

and three LEC GaAs samples were prepared for this study. For the LPE GaAs

I samples, two growth temperatures (i.e., 700°C and 800*C) and two temperature

drop rates (lC/min. and 0.4°C/min.) were employed. For the VPE GaAs speci-

I mens, the GaAs epilayers were grown on the <100>, <211A>, and <2113> oriented

semi-insulating C -doped GaAs substrates. The gas phase stoichiometry was

[controlled by varying the Ga/As ratios from, 2/1, 3/1, 4/1, 5/1, to 6/1.
[" Deep-level defects were characterized by the DLTS and C-V measurements. Car-

rier density and carrier mobility were determined by the resistivity and Hall

effect measurements. DLTS and C-V measurements were also made on several p-

GaAs specimens grown by the liquid encapsulated Czochralski (LEC)technique. The

energy level for each electron and hole trap as well as capture cross section

were deduced from the DLTS and C-V data for the VPE, LPE, and LEC GaAs samples

studied. Correlations between the grown-in defect parameters and the growth

parameters were obtained for the VPE and LPE GaAs samples. Study of the low

temperature thermal annealing and recombination enhanced annealing effects on

the grown-n deep level defects has also been made for the VPE GaAs specimens.

Details of our technical findings will be described in this report. Section

2.0 reviews the possible native defects and impurity complexes in GaAs. Sec-

tion 3.0 discusses the method of calculating the defect concentration as aii.
function of temperature and arsenic pressure for several point defects in GaAs.

[1 2
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The growth of GaAs epilayers by the VPE and LPE techniques and the structure

of GaAs Schottky barrier diodes are described in section 4.0. Section 5.0

depicts the resistivity and Hall effect measurements in the GaAs samples.

The results of TSCAP and C-V measurements are described in section 6.0. Sec-

tion 7.0 presents the results of the DLTS measurements. The thermal and

injection annealing mechanisms and the results for the VPE GaAs are described

in section 8.0. The effects of combined thermal and recombination-enhanced

annealing on the EB4 and EL2 electron traps are discussed in this section.

Section 9.0 gives the summary and conclusions derived from this work. Lists

of interactions with individuals from government and industrial labs, publica-

tions, personnel involved in this project are given respectively in section

10.0, 11.0, and 12.0. References are given in section 13.0, and Appendix is given

in section 14.0 which contains paper describing the results of our study of

grown-in defects in the Al0 3Ga0 7As and GaAs epilayers grown by LPE technique. (
0 0
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I
I. REVIEW OF POSSIBLE NATIVE DEFECTS AND COMPLEXES IN GALLIUM ARSENIDE

The number of possible native defects in GaAs is large as may be seen in table

1. None of these native defects has been identified with any confidence.

This is due to the fact that experiments for studying such defects tend to be

too uncontrollable. In addition to the defects shown in table 1, other types

of defects such as impurities, complexes of impurity atoms with native defects

may also be expected in GaAs.

In this report, we will focuss our discussions only on a few native defects

listed in table 1, which are believed to be related to the electron traps

observed in our LPE and VPE GaAs specimens studied here. Defects due to impur-

ities or impurity complexes will not be discussed in this report.

Defects can be represented by symbols, atoms being represented by their normal

chemical symbol, vacancies by V. Subscripts indicate the lattice site, char-

acterized by the atom normally occupying that lattice site. Thus, VA is a

vacancy at an A site. Interstitial site are indicated by a subscript, i, Ai

being A atom at an interstitial site. For examples, in table.I, VGa denotes

the gallium vacancy; Gai represents the gallium interstitial site defect. In

addition to these simple vacancy defects, grown-in defects as a sample cools

down might be expected to cluster to form neutral complexes such as VGaASGaVGa •

Another type of defect, namely, the antisite defect, must also be considered.+2 G8-2,

The anticite defects, such as AnGa and Ga As and the bound pairs of these

antisite defects, AsGaGaAs, which constitute a neutral defect, are believed to

i [be important native defects in GaAs specimen. Theoretical calculations of the

[4
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formation energy for the AsGaGaAs defect showed that the value should be around

0.70 to 0.72 eV for GaAs, in good agreement with experimental observation. It

is interesting to note that formation energies for the antisite defects in

III-V compounds are normally less than the formation energies of vacancies or

interstitials; this implies that antisite defects are present in compound semi-

conductors in substantial concentrations. Fig. 2.1 illustrates some of the

possible native defects and complexes in GaAs materials.

5i
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Ii Table 1.1. Possible Native Defects in Gallium Arsenide

1. One component defects:

a. Vacancy: VGa, VAs

b. Interstitial: Gait Asi

2. Two component defects:

a. Divacancy: VGaVGa , VAsVAs, VGaVAs.

b. Antisite: GaAs, ASGa

c. Di-interstitial: GalAsi

d. Vacancy-interstitial complex: VGaGai VGaASiL VAsGai, VAsAs i

3. Three component defects:

a. Antisite-vacancy complex: As aV Ga As, GaAsVGa GaAsVAs

b. Trivacancy: VGaVAsVGa , VAsVGaVAs •

1 4. Four component defects:
a. Antisite-divacancy complex: VGaAS VGa , VsGaAsVAs

b. Diantisite: GaAsASGa

' I

I
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Fig. 2.1 Possible native defects and complexes in gailium arsenide
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III. THEORETICAL CONSIDERATIONS OF POINT DEFECTS AND NONSTOICHIOMETRY IN
GALLIUM ARSENIDE

The most likely defects expected to be present in GaAs during the crystal growth

are point defects. The compositional range for the intermetallic zincblende

structure phase in GaAs extends from 49.998 to 50.009 at % As (10]. This

corresponds to concentration of 4xl018 As vacancies per cm3 and 2x109 Ga va-
3

cancies per cm , respectively [11], assuming that non-stoichiometry results

in vacancies only. Using lattice parameter measurements, Potts and Pearson

19 -3[12] observed concentrations of the order of 10 cm , which they identified

as As monovacancies. By means of measurements of damping by internal friction,

Chakraerty and Dreyfus [13] observed a similar concentration of defects, which

they tentatively identified as Ga divacancy. In EPR measurements, Goldstein

19 -3and Almeleh [14] observed concentration greater than 10 cm of some reso-

nance centre which they considered to be some combination of point defects.

The standard methods of chemical thermodynamics are used to derive expressions

for the equilibrium concentrations, as a function of temperature and arsenic

pressure. We consider here only the following types of point defects: arsenic

monovacancies V x, gallium monovacancies VGx gallium divacancies (Va)x andmooaanisAs Ga (Ga) 2an

appropriately charged versions of these three. Charged states is represented

by the different subscriptions [15]. The subscripts "," represents negative

charge, "x" represents neutral states and "." indicates positive charge. Thus

(Ga); represents a negatively charged Ga divacancy.

The method of analysis may be outlined as follows (16]: One can write down

a reaction equation for the formation of each type of defects in the solid and

for the formation of electrons and holes. There is a further reaction equation

I 8
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representing the transfer of atoms between the gas a,.d solid phases. For each

of these reactions there is a mass action which applies at equilibrium. The

mass action reaction can be written in terms of concentrations and Boltzmann

statistics used for the electrons. To these mass action conditions, one adds

the condition of electroneutrality and the resulting set of equations can be

solved for the defect concentrations in terms of the partial pressure of the

arsenic. Taking into account the defects indicated above, one has the follow-

ing reaction equations:

0= e' + h' : Ei (3.1)

x x

2V0 = (V Ga)2  ; H .............. (3.3)x
2V a V ( +a) h' E .............. (3.4)

VGax VGa' +h ; Ea  (3.4)

As" VAs+ e' ; Eb (3.5)

2+ ' .. .. (3.6)
(VGa)2x - (VGa)2' + h" ; (3.6)

1/2 As2(g) - Ass + V08x ;"2. (3.7)

Reactions (1-6) occurs in the solid phase. Reaction (7) represents transfer

of arsenic atoms between the solid and gas phases. The energy and enthalpies

of reaction are indicated on the right handside. The symbol H indicating

enthalpy is used for reactions where a significant volume change may be in-

volved. The mass action relations corresponding to the above reactions are

as follows:

np = Ki

Ki a 1.0Xl0 - 1 2 T3 exp(-1.88x1O 4/T) (3.8)

IVX [VA] - Ks ;

K - 1.15xlO4 exp(-4.64x104 /T) (3.9)

9
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[VGa ]P/[VGax ]  
Ka

Ka = 9.6x10- 8 T3 / 2 exp(-510/T) (3.11)

(VAs]n/[VAsx] " Kb

Kb - 4.9x10 -9 T3 2 exp(-70/T) (3.12)

t(VGa) Ip/E(VGa)2] K2

K2a ' 9.6x10
-8 T3/2 exp(-510/T) (3.13)

[A.x[G As/ 2 . KAs 2 v

KAs2v - 3.8x 10-4 exp(-6650/T) (3.14)
x

Square brackets are used to indicate concentrations. AsAs represents the con-

centration of arsenic atoms on arsenic sites and will be taken as unity. The

partial pressure of As2 in the gas phase is denoted by PAs2 . The equilibrium

constant appearing on the right hand site of equations (8-14) have the general

form:

K exp(S/k) exp(-H/kT) - K exp(-H/kT) (3.15)

where S and H are the entropy and enthalpy changes of the reaction. K refered0

to as the pre-exponential factor.

The electroneutrality condition is obtained from Poisson's equation.

n + VGa (VGa)2 - P+ VAs (3.16)

Equations (3-8) to (3-16) represent eight equations for eight unknowns, and

one can solve for these eight unknowns in terms of P As 2 and the temperature.

Thus, it is possible to obtain the concentration of gallium vacancies or

arsenic vacancies from the above equations for a specific arsenic partial

pressure and growth temperature.

i0
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IV. PREPARATION OF GaAs SAMPLES

The gallium-arsenide specimens used in this study were prepared by the VPE,

LPE, and LEC techniques. Four n-type GaAs epitaxial samples were grown on

semi-insulating Cr-doped GaAs substrates by Dr. R. Y. Loo, of Hughes Research

Lab., using infinite solution melt liquid phase epitaxy (LPE) technique. The

growth temperatures for these samples were held at 700*C and 8000C with tem-

perature drop rates at 1C/min. and 0.4*C/min., respectively. Schottky

barrier diodes were fabricated from these LPE GaAs samples, for the DLTS and

C-V measurements. In addition, van der Pauw test structures were also fabri-

cated from these n-GaAs LPE layers for the resistivity and Hall effect

measurements.

The VPE GaAs epitaxial layers used in this study were grown by Dr. P. C. Colter,

at Air Force Avionics Lab., using a novel Ga/AsCl3/H2 reactor system (1]. The

basic design of this reactor is like the usual two bubbler AsCI3 reactor used

for the MESFET growth []. The novel feature of this reactor is the addition

of a third bubbler which feeds a cracking furnace and then a second source .i
chamber to allow operation in a GaCl rich mode. It uses a six zone clamshell

furnace which rolls off sideways allowing an end to end gas flow system. The

third or control bubbler feeds a cracking furnace that is maintained at 900*C.

The VPE GaAs epitaxial layers were grown on <100>, <211A>, and <211B> oriented

semi-insulating cr-doped GaAs substrates with growth temperatures ranging from j
710 to 750*C. To facilitate the study of the effects of Ga/As ratio, substrate

orientation, and growth temperature on the grown-in defects in the VPE GaAs

epilayers, seven growth runs were made to prepare fourteen specimens for our j
study. The gas phase stoichiometry was controlled by varying the Ga/As ratio

11



I
from 2/1, 3/1, 4/1, 5/1, to 6/1. Au-GaAs Schottky barrier structure was fabri-

cated from these VPE GaAs epilayers for the DLTS and C-V measurements. Room

temperature resistivity and Hall effect measurements were also performed on

these epilayers to determine the carrier concentration and electron mobility

in these samples.

Finally, several Al-P--GaAs Schottky barrier diodes were fabricated from the

p-GaAs specimens grown by the liquid encapsulated CzochrasKi technique for the

purpose of studying the unknown native defects in these samples.

i1
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V. RESULTS OF RESISTIVITY AND HALL EFFECT MEASUREMENTS

In order to obtain the information on the carrier concentration and mobility

in the GaAs samples, the resistivity and Hall effect measurements were per-

formed on the LPE GaAs specimens for temperature between 80 *K and 300 K and on

the VPE GaAs samples for T - 300 K. Resistivity, carrier density and electron

mobility were deduced from these measurements, and the results are shown in

Fig. 5.1 through Fig. 5.4, Table 5.1, and Table 5.2. Fig. 5.1 shows the re-

sistivity vs. temperature plot for three LPE GaAs samples grown at 700 and

800*C with temperature drop rates of 0.4 *C/min. and 1C/min. As noted in

this figure, the sample grown at 700*C with l*C/min. temperature drop rate

has the lowest resistivity while sample grown at 700*C with 0.4*C/min. drop

rate has the highest resistivity. Fig. 5.2 shows the Hall mobility vs.

temperature for three LPE GaAs samples shown in Fig. 5.1; the Hall mobility

at 300 K is around 5000 cm2 /Vs and increases to around 28000 cm2 /V..s at 80 K

for sample grown at 700*C with 0.4*C/min. drop rate has the lowest mobility

at 80 K. Fig. 5.3 shows the carrier density vs. inverse kT plot for the same

samples shown in Fig. 5.1; the results show. that electron concentration for

these LPE GaAs samples is in the mid 10 15cm to low 10 16cm range at

T - 300 K. Sample grown at 700 C with 0.4*C/min. drop rate has the lowest

carrier density while sample grown at 700*C with 1*C/min. drop rate has the

highest carrier density. This result may be attributed to the fact that in-

creasing cooling rate during the growth of GaAs LPE layer tends to increase j
native defect density as is evidenced by the DLTS data to be discussed in

section 7.0. 1

13 2
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Table 5.1 summarizes the measured transport data at 300K for the three LPE

GaAs samples shown in Fig. 5.1 through Fig. 5.3. Resistivity and Hall effect

measurements on the VPE GaAs specimens with different substrate orientations

and Ga/As ratios were made at 300 K. The results are summarized in Table 5.2

in which carrier density and electron mobility were listed for several VPE

GaAs samples with <211A> and <100> orientations and with Ga/As ratios equal

to 3/1 and 6/1. Fig. 5.4 shows the electron concentration as a function of

the distance from the epilayer surface of the VPE GaAs samples. The carrier

concentration remains essentially constant for epilayer depth greater than one

um. Not that samples 35CA and 35CB are prepared under the same growth condi-

tions so are samples 37HB and 37HA. It is interesting to note that sample

grown on <100> substrate orientation has in general a lower carrier density

than those of <211A> oriented samples grown under identical condition. It was

found that sample 39HB <211A> has the lowest carrier density among all the

samples studied in this work. In fact, it has also the lowest grown-in defect

density as will be shown later in section 7.0. The electron mobility for this

sample is around 6000 cm 2/V.s at 300 K, which is about 10% higher than the rest

Iof samples studied. It will be shown in section 7.2 that high purity ( or low

carrier concentration ) sample has also low density of grown in defects,and it

appears that there is a direct correlation between the intrinsic defect density

and background density in the samples studied.

I
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Fig. 5.1 Resistivity vs (kT) -ifor three LPE GaAs samples withI

growth temperature and growth cooling rate as parameters
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IVPE GaAs
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Fig. 5.4 Carrier density vs distance from surface of five VPE GaAs samples

I of different substrate orientations.
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Table 5.1 Transport parameters in LPE GaAs Samples
(296 K)

Carrier Electron Resistivity Growth
Samples No. concentration Mobility 61c)Temp. Cooling Rt

(cm3 ) (cm 2/v-s)(0

LP-3 5.26x15 5.42x10 0.2189 800 0.40C/min.

LEPI-44 15 3
(7.5ua layer) 7 .63z10 5.03x10 0.1627 800 1*C/min.

LEPI-45 15 3
(2ui layer) 4.05x10 5.05x10 0.2745 700 O.4*C/min.

LEPI-46 15 31
OPi layer) 9.26x10 5.36xl0 0.1259 700 1oC/min.
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Table 5.2 Transport Parameters in GaAs VPE Samples (T - 296 K)

Samples No. Carrier density Electron Mobility Ga/As
(orientation) (c-3) 2 /- Ratio

RR5C .2x15 5.7xl10 3/1
(100)

RR5C .lxlO 1 5.6x10 3/1
(211.A)

RR7A3.09xl1015 5.36xl10 3  6/11 (100)

RR7B5.16x10 15  5.59xl0 3 6/1
(211A)

RR9B7.1110 14 5.96xl0 3  6/1
(211A)

RR57EB 5xO15 54x 33/
(211A) 51 .51 /
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VI. RESULTS OF THE C-V AND TSCAP MEASUREMENTS

The capacitance-voltage (C-V) measurement can be used to determine the back-

ground doping concentration in the n- or p- GaAs epitaxial layers using the

Schottky barrier structures. Since the Schottky barrier diode can be con-
+ 4

sidered as a one-sided abrupt p -n (or n p) junction, the depletion capacitance

across the Schottky barrier diode is given by:

rA [ A qeS N D 112
c A- (6.1)W 2  i ± Va -kT/q)

where A is the area of the diode, i is the built-in potential, Va is the

applied voltage, and N is the background doping density. Eq. (6.1) shows
D

that the depletion capacitance of a Schottky diode is directly proportional

to the square root of dopant density and inversely proportional to the square

root of the applied voltage. If the inverse of capacitance square (C- 2) is

poltted a function of the reverse bias voltage, Va, then the background dopant

density, NDo can be calculated from the slope of C- 2 vs. Va, using the follow-

ing expression:

-2 2 eA2N 0i +1. a (6.2) 1
The intercept of C 2 vs. V plot with the voltage axis yields values ofa

which is related to the barrier height of the Schottky diode by:

OBn 0i + Vn + kT/q - A0 (6.3)
whereI\

Vw Ec - ( ) n (ND/NC) (6.4)

and A* is the image lowering potential.

21

- ---



'I If the barrier lowering potential is neglected, then the barrier height, *Bn'

( can be determined from the C-V measurement. The results of our C-V measure-

ments for the VPE GaAs samples are discussed next. The C-V measurements on

the GaAs Schottky diodes were carried out by using a PAR model-410 C-V plotter

and a HP-7010A x-y recorder. A typical C-V plot for a VPE GaAs Schottky diode
i -2

is shown in Fig. 6.1. Fig. 6.2 shows the C vs. Va plots for six VPE GaAs

Schottky diodes fabricated under different growth conditions and substrate
I -2

orientations. It is noted that a linear relationship exists between C vs.

Va for all the diodes shown with the intercept around Va = i 0.83 to 0.88

eV. The Schottky barrier height, Bn' deduced from the C 2 vs. Va plot for

these gold-n-GaAs Schottky diodes, was around 1 eV, in good agreement with the

published data for the barrier height of the Au-n GaAs Schottky diode. Table

6.1 lists the calculated values of ND, Oi' Vn, and *Bn from the C-V data for

the VPE GaAs samples shown in Fig. 6.2. The background carrier concentration

14 -3 16 -3was found to vary from mid 10 cm to low 10 cm . Note that the carrier

concentration for <100> oriented VPE GaAs samples was found lower by a factor

of two to five than that of <211> oriented VPE GaAs samples. A similar trend

was also found for the density of grown-in defects in the (100) and (211) samples.

Note that analysis of the C-V data for the LPE GaAs and LEC GaAs samples was

also performed, and the results are being incorporated in the DLTS analysis to

be discussed in section 7.2.

Another interesting experiment, which is known as the thermally stimulated

capacitance (TSCAP) measurement technique (17-18], has also been used to study

the deep-level traps in the LEC GaAs samples. The TSCAP experiment is carried

out by first reverse biasing the p-n diode or the Schottky diode and then
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cooling down the diode to liquid nitrogen temperature; the diode is then

momentarily zero biased to fill the majority carrier traps and subsequently

returned to zero bias condition; the diode is then heated to raise the tem-

perature from 77 K to 300 K; the thermal scan of the capacitance (at 1 MHz)

vs. temperature plot is then taken by an x-y recorder; a capacitance step is

seen from the C vs. T plot if majority or minority carrier emission is taking

place from a trap level. The amplitude of this capacitance step is directly

related to the trap density. The trap density for n-type GaAs can be calcu-

lated from the following expression:

NT ND (2 C (6.5)
0

where ND (or NA) is the background carrier density; C0 is the depletion layer

capacitance andA C is the capacitance change due to the majority or minority

carrier emission. Thus, knowing ND (or NA) and C0 at the temperature where

the capacitance step observed, the density of the trap can be calculated from

Eq. (6.5). Note that Eq. (6.5) is valid only for the case when NT < 0.1 ND1

Fig. 6.3 shows the TSCAP scan for an Al-p-GaAs Schottky diode grown by LEC

technique. A large capacitance step was seen in the Figure in the temperature I
range from 125 to 150 k; this capacitance change was a direct result of the

hole emission from a hole trap located at Ev+O.080 eV. Following this hole I
trap level, another capacitance step was also observed between 150 to 200 k

due mainly to an electron trap located at Ec-O.18 eV. Both of these two levels

were also observed in the DLTS and photoluminescence measurements as will be

discussed in section 7.0. Although the TSCAP experiment cited above can be

used to determine the trap density in a Schottky diode or a p-n junction diode, ]
the technique is not very sensitive and has been replaced by the DLTS technique

more recently for studying the deep level traps in semiconductors. This capaci-

tance transient spectroscopy technique will be described next.

23

!i
' , : t : ..-:'. , 1 t '



30 VPE GaAs #76B

25

-20

0

~ 5

0

0 12 3
VR (V)

Fig. 6.1 Capacitance vs voltage for an n-GaAs VPE sample.
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Fig. 6.2 Inverse capacitance square vs VR for six VPE GaAs samples.
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Fig. 6.3 Thermally Stimulated Capacitance (TSCAP) measurements

of trap levels in LEC grown p-GaAs sample.
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Sample Orientation Ga/As Ratio ND(cm- 3) (V) V (V) B (V)

35CA 100 2/1 6.7x104 0.83 0.17 1.0

35CB 211A 2/1 1.7x105 0.83 0.15 0.98

37HA 100 6/1 1.3x105 0.83 0.15 0.98

37HB 211A 6/1 3.lxlO i 0.87 0.13 1.0

75A 100 3/1 7.2x1014 0.83 0.17 1.0

75B 2118 3/1 3.xlO15 0.87 0.13 1.0 1
76A 100 4/1 3.xlO1 5  0.87 0.13 1.0 1
76B 211A 4/1 5.5x1015 0.88 0.12 1.0

77A 100 4/1 i. x0 15 0.83 0.16 0.99 1
77B 211A 4/1 7.2x1015  0.87 0.11 0.98 1
77BB 211B 4/1 5.6x1015 0.88 0.12 1.0

15 II
78B 211A 5/1 3.8x1015 0.86 0.13 0.99

78BB 211B 5/1 1.x1016 0.88 0.1 0.98 1
Table 6.1 Background concentration, ND, and barrier heigi.t,

Bn' in the n-GaAs VPE samples.

I
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I
VII. RESULTS AND DISCUSSIONS OF THE DLTS MEASUREMENTSI
The Deep-Level-Transient Spectroscopy (DLTS) experiment is a high frequency

(i.e., 20 MHz or higher) transient capacitance spectroscopy technique, which

was introduced first by Lang in 1974 [22-231. The DLTS scan displays the

I spectrum of deep level traps in the forbidden gap of a semiconductor as

positive or negative peaks on a flat baseline as a function of the temper-

ature. Although the DLTS measurement is time consuming, it offers several

advantages over the conventional TSCAP technique described in the preceding

section. The DLTS technique is sensitive, easy to analyze, and capable of

measuring traps over a wide range of depth.

The DLTS system consists of a sensitive capacitance measurement apparatus with

transient response, a pulse generator, a boxcar averager with dual-gated sig-

nal integrators, an x-y recorder, and a cryostat for temperature controlling

iuse. By properly monitoring the experimental parameters it is possible to
determine the following defect parameters from the DLTS measurements:

- The majority and minority carrier traps.

- The activation energy of each trap level.

- The defect concentration.

- The defect concentration profile.

• The capture cross sections of electrons and holes in each

Itrap level.

Theoretical aspects of the DLTS technique, and the results of our DLTS mea-

surements on the VPE, LPE, and LEC GaAs specimens are discussed separately

in section 7.1 and section 7.2.
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7.1 Principles of the DLTS Technique

The capacitance transient is associated with the return to thermal equilibrium

of the occupation of the trap level following an initial nonequilibrium

condition. The polarity* of the peak depends on the capacitance change after

trapping the minority or majority carriers. Because an increase in trapped

minority carriers in the junction space charge region causes an increase in

the junction capacitance, the minority carriers trapping will result in a

+
positive polarity peak in the DLTS scan. For example, in a p -n junction

diode, the space charge region extends mainly into the n.-type region and the

local charges are due to positively charged ionized donors. If a forward bias

is applied, the minority carriers (holes) will be injected into this region.

Once the holes are trapped in the defect levels the net positive charges in

the space charge region will increase. This results in a narrower space charge

region width which implies a positive capacitance change. Therefore, the peak

is positively polarized. Similarly, if the majority carriers are injected in-

to this region and captured by the majority carrier traps, which reduces the

local charges, the space charge region width will be widened, implying a

decrease of the junction capacitance. Therefore, the majority carriers trap-

ping will result in a negative polarity peak in the DLTS scan. The same+ i
argument can be applied to the n -p junction diodes. All of the VPE and LPE

GaAs samples used in these measurements are Au-n GaAs Schottky diodes so that

the positive peak represents the hole trap, and the negative peak represents

the electron trap. For the LEC p-GaAs Schottky diodes, the polority of the

DLTS scans is opposite to those VP1 or LPE samples. I
*positive polarity means the peak is convex; negative

polarity means the peak is concaveI
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1 7.1.1 Minority Carriers Injection

I
Figure 7.1 shows the injection of minority carriers. Figure 7.1(a) is the

injection pulse where V-V >0 during the pulse (tst<b) and V-VRO outside the

time interval (ta tb). Figure 7.1(b) is a simplified energy band diagram (the

I band bending due to the Junction electric field is omitted) in quiescent re-

verse bias condition (t<ta). Figure 7.1(c) is the saturating injection pulse

(tat<_tb). During the pulse the minority carrier traps Et are filled by holes.

I Figure 7.1(d) shows the transient (t>tb); the trapped holes begin to emit from

the trap centers to valence band and then swept out of the space charge region

by the built-in electric field that causes the capacitance transient.

7.1.2 Majority Carriers Injection

I
Figure 7.2 shows the injection of the majority carriers. Figure 7.2(a) is the

injection pulse where V-Vp-O during the pulse (tactlt ) and V-V <0 outside the

time interval (ta, tb). Figure 7.2(b) is a simplified band diagram in quiescent

reverse bias condition (t<ta). Figure 7.2(c) is the majority carriers injec-

tion. During the pulse period (taEt<tb), the majority carriers were injected

into the space charge region and captured by the majority trap centers. Fig-

ure 7.2(d) is the transient (t>tb); the captured electrons begin to emit from

the trap centers to conduction band and then swept out of the space charge

region by the built-in electric field that causes the capacitance transient.

7.1.3 Defect Concentration

The defect concentration is directly proportional to the peak height as

i30
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described before, and the peak height is proportional to the capacitance change

AC (AC is shown in Figure 7.1(d) and 7.2(d)). Therefore, the defect concentra-

tiun Nt is proportional to AC as follows:

C(t) = .qe5 (ND-Nt)/
2 (Vbi+VR)

- C (1-N /ND 1/2 (7.1)

where C. - C(VR) u /qcsND /2(Vbi+VR) is the junction capacitance at the quies-

cent reverse bias condition. Using binomial expansion and the condition that

N t/ND<<, Eq. (7. 1) reduces to a simple form as:

C(t) a Co(1-Nt(t)/2ND) (7.2)

This can be rewritten as

Nt W (2AC/C )ND  (7.3)

where AC = C0-C(t). From the DLTS measurement, AC can be determined. The

junction capacitance C and the background concentration ND can be obtained

from the C-V measurements. Thus, the defect concentration Nt can be calcu-

lated easily by using Eq. (7.3).

7.1.4 Activation Energy of the Defect Level

As shown in Fig. 7.3, AC begins to decay after the injection pulse is over.

The decay is associated with a specific time constant T which is the recipro- I
cal of the emission rate. For an electron trap, the emission rate is functions

of temperature, capture coefficient, and activation energy, and can be ex- I
pressed by:

en - (n<Vth >Nc/g)exp (-ET/kT) (7.4)

where an is the electron capture cross section, <V th> is the average thermal J
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I

velocity of electron, Nc is the effective conduction band states, g is the

jdegeneracy factor, and ET is the activation energy of the trap. If the elec-

tron capture cross section a is independent of temperature, en can be

expressed as:

en - BT 2exp(-ET/kT) (7.5)

where B is the proportionality constant and is independent of temperature.

From this expression it is seen that en increases exponentially with tempera-

ture. The capacitance transient is given by:

C(t) AC(O)exp(-t/T) (7.6)
-1

where

The procedures to deduce the activation energy of a defect level from the

DLTS measurements are discussed next. The t 1 and t 2 were setting by the dual-

f gated boxcar averager, then

C(t 1 ) = ACexp(-t1 /T) (7.7)

C(t 2 ) ACexp(-t 2 /) (7.8)

The DLTS signal is obtained by taking the difference of Eq. (7.7) and (7.3),

which yields

S(T) - &Cexp(-t 1/)-ACexp(-t 21T)

- AC[exp(-t 1/)-exp(-t 2 /T)] (7.9)

Differentiating S(T) in Eq. (7.9) with respect to T and letting it equal to

zero, gives:

T m (tl-t2)/ln(tl/t2) (7.10)

Under this condition, S(T) reaches its maximum value at a specific temperature.

The emission rate is given by en it/re x for each t I and t 2 setting. By
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changing t1 and t 2 several times, a set of temperatures corresponds to this

set of T (or emission rate e ) can be obtained as shown in Fig. 7.3. Frommax n

the Arrhenius plot of emission rate (i.e., ln(en/T 2 ) vs. 1/kT), the activation

energy of the trap can be calculated from the slope of this plot.

7.2 Results and Discussions

In this section we discuss the results of our DLTS and C-V analysis of the

grown-in deep level defects in the GaAs specimens grown by the VPE, LPE, and

LEC techniques under various growth conditions. Defect parameters such as de-

fect energy level, defect density and capture cross section were deduced from

the DLTS and C-V data. The results are presented separately in the following

subsections.

I
7.2.1 VPE n-GaAs Samples I
In this section, we present the results of our DLTS and C-V measurements on

the VPE GaAs samples described in section 4.0. The DLTS scans of electron

traps as a function of Ga/As ratio for different runs and substrate orienta-

tions are shown in Fig. 7.4 through Fig. 7.12. Fig.7.4 shows the DLTS scans of

electron traps as a function of the Ga/As ratio, for samples with 4211A>

orientation. In general, one to two electron traps (i.e., EB4 - Ec-0.7l eV,

and EL2 - E -0.83 eV) were observed in these samples. Note that sample 37HB I.
with the highest Ga/As ratio (i.e., 6/1) has the lowest density for EL2 electron

trap, while sample 35CB with the lowest Ga/As ratio (i.e., 2/1) has the highest

density of EL2 electron trap. Thus, for the 4211A> oriented samples (i.e., j
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Ga-rich face), the density for EL2 level decreases with increasing Ga/As ratio;

this same trend was also observed in EB4 electron trap. Fig. 7.5 shows the

DLTS scans of electron traps as a function of the Ga/As ratio for epilayers

grown on the <100> oriented substrates. Results showed that the density of

EL2 level may either increase or decrease with increasing Ga/As ratio, depend-

ing on the types of defects formed during the growth. To explain this, model

proposed by Zou [29] appears to be adequate for this case. He suggested that

EL2 level may be attributed to either the antisite defect of AsGa or gallium

di-vacancy defect, (VGa)2. If the EL2 level is due to the (VGa)2 defect, then

the density of EL2 level should be decreased with increasing Ga/As ratio as

is in the case of <211A> oriented samples shown in Fig. 7.4. On the other

hand, if the EL2 level is due to the antisite defect of AsGa, then increasing

GaAs ratio will also increase the density of EL2 level; this is the case for

<211B> oriented samples. The two defects model proposed by Zou for predicting

the orientation dependence of the density of EL2 vs. Ga/As ratio, appears

consistent with our experimental observation in the VPE GaAs samples as shown

in Fig. 7.12. Fig. 7.6 shows the DLTS scans of electron traps for sample

35CA (100 orientation) and sample 35CB (211A) with Ga/As ratio equal to 2/1.

These two samples were grow, in the same run side by side at 715*C. The DLTS

results showed that density of EL2 electron trap for the <211A> samples is
14 -3

significantly higher than that of the <100> sample (i.e., 1.24xi014 cm vs.

12 -37.6xi0 cm ). The reason for this may be attributed to the fact that densi-

ty of (VGa)2 is higher in the <211A> face than that in the <100> face for the

Ga/As ratio equal to 2/1. The EB4 electron trap was not observed in both

samples shown in Fig. 7.6. Fig. 7.7 shows the DLTS scans of electron trap for

sample 75A <100> and sample 75B (211 > with Ga/As ratio equal to 3/1. Note
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that the EL2 level was observed only in sample 75A hile EB4 level was observed

only in 75B sample. These two samples were also grown in the same run. The

growth temperature for both samples was held at 725°C. Fig. 7.8 shows the

DLTS scans of electron traps for samples 76A (100) and 76B (211A). The results

showed that both EL2 and EB4 electron traps were observed in these two samples.

Density of EL2 and EB4 levels was higher for sample 76B <211A> than sample

76A <100>. Fig. 7.9 shows the DLTS scans of electron traps for samples 77B

(211A), 77A (100), and 77BB (211B). These three samples were grown side by

side at 750*C and with Ga/As ratio equal to 4/1. Both EL2 and EB4 electron

traps were observed in these three samples; the density of EL2 and EB4 levels

was highest for sample 77BB, followed by samples 77B, and 77A. Fig. 7.10

shows the DLTS scans of electron traps for samples 78B (211A) and 78BB (211B) I
grown at 725°C and with Ga/As ratio equal to 5/1. The results showed that

EL2 level was the dominant electron trap for sample 77BB while only EB4 level

was observed in sample 78B. Fig. 7.11 shows the DLTS scans of electron traps I
for samples 37HA (100) and 37fB (211A) grown at 725*C and with Ga/As ratio I
equal to 6/1. The results showed that both EL2 and EB4 level was observed in

sample 37HB. To sum up the results shown in Fig. 7.4 through Fig. 7.11 con- I
cerning the effects of orientation, Ga/As ratio, and the growth temperature

on the density of EL2 and EB4 levels, we plot in Fig. 7.12 the density of EL2

level vs. Ga/As ratio for three substrate orientations. In Fig. 7.12, it is J
clearly shown that density of EL2 level was found to decrease with increasing

Ga/As ratio for the <211A> oriented samples and to increase with increasing i
Ga/As ratio for the <211B> oriented samples; for the <100> oriented samples

the density of EL2 level may increase or decrease with increasing Ga/As ratio,

depending on the types of defects formed during the epilayer growth (i.e.,

(VG) 2 vs. AGa defect for EL2 level). Table 7.1 summarizes the defect

G vs | 35 1
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I
parameters deduced from our DLTS and C-V measurements fortwelve VPE GaAs

samples prepared under different growth conditions and substrate orientations.

The EB4 level (i.e., Ec-0.71 eV) observed in our VPE GaAs sampies might be

due to the bou-1 pairs of antisite defect, AsGa GaAs, which constitute a

neutral defect. Based on the QDT (quantum dielectric theory) and those of

Pauling's theory of -lectronegativities, the formation energy for the AsGa-

GaAs should be around 0.70 to 0.72 eV. This antisite defect complex has been

observed in the proton and electron irradiated LPE GaAs specimens. Thus, the

activation energy for EB4 level deduced from the DLTS data for the VPE GaAs

samples is in excellent agreement with the formation energy predicted for the

As GaAs defect. On the other hand, the EL2 electron trap (i.e., Ec-0.83 eV)

is commonly seen in the VPE GaAs when growth conditions are made under arsen-

*ic-rich condition; the EL2 level is not normally observed in the LPE GaAsI
grown under gallium-rich condition. Several studies identify the EL2 level

as gallium vacancy related defect [27,28]. In addition to (VGa)2 defect,

EL2 has also been related to the antisite defect of As Ga. Based on the defect

model proposed by Zou [29] for EL2 level, the following relationship exists

for the EL2 level: The gallium divacancy may be produced by the following

reaction equation

l [VG12PAsH 3  [VGGaa 2  
(7.11)

P[V 8  [G[VAI G
i P~GaCI [As] ' VGa] [Vs] [ V G a ]  711

while the gallium on arsenic antisite may be produced by

As + (VGa)2 = + VGa VAs + e (7.12)

From Eq. (7.12) it is noted that the concentration of (V Ga)2 and AsGa might

be proportional to each other. Ozeki [30] has pointed out that the EL2 level
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may be due to two levels which are close to each other in energy. Thus, these

two levels may in fact be contributed by the (VGa)2 and ASGa antisite defect,

as discussed above. The capture cross section for the EL2 level is around

5x10- 13 cm2 .

Based on the model described by Zou [291 and Ozeki (30] and the results shown

in Fig. 7.12, it is believed that the EL2 level observed in the (211A) oriented

VPE GaAs samples may be attributed to the (VGa)2 related defect, while the

EL2 level observed in the <211B> oriented VPE GaAs samples may be due to the

AsGa antisite defect.

7.2.2 LPE n-GaAs Samples j

Four samples of LPE GaAs were prepared for the purpose of studying grown-in

defects vs. growth temperature and growth rate in the high purity n-GaAs

epilayers. These samples were prepared by infinite solution melt liquid phase

epitaxy technique grown at 700*C and 800C with cooling rates of 1C/min. and

0.4*C/min., respectively. C-V and DLTS measurements were made on these sam- I
ples, and the results were analyzed. Fig. 7.13 shows the DLTS thermal scans J
of electron trap (EB4) for samples grown at 8000C and 7000C with cooling rate

of 14C/min.. Note that for same cooling rate, sample grown at 800C has de-

fect density six times lower than that of 7000 C grown sample. On the other

hand for sample grown at 700*C and 800*C with cooling rate of 0.40C/min., no I
electron traps were detected in these samples. The results of our DLTS and

C-V measurements on the LPE GaAs grown by infinite solution melt liquid phase

epitaxial technique were summarized in Table 7.2. As noted in Table 7.2, the

16 -3background carrier density in these samples was around 10 cm (as determined

by the C-V measurements). I
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I
7.2.3 The LEC p-GaAs SamplesI
Grown-in deep-level defects in several undoped p-GaAs specimens grown by liquid

encapsulated Czochralski technique have been studied by the DLTS and C-V

measurements using Schottky barrier structure. The DLTS results revealed

that the defect spectra in the LEC p-GaAs samples are quite different from

those observed in the VPE and LPE GaAs samples discussed in the previous sec-

tions.

Fig. 7.14 shows the DLTS scan of a hole trap with a measured activation energy

-- Ev+O.13 4 eV. If the temperature dependence of the hole capture cross

section (i.e., ap = oaexp(-&Eb/kT)) is taking into account (i.e., AE - 0.054

eV), then the actual activation energy for this hole trap should be around

80 meV (i.e., Ev+O.08 eV) as shown in Fig. 7.15. This value is in excellent

agreement with the value obtained from Hall effect and photoluminescence

f measurements. This hole trap is a double charged acceptor center and is due

to the gallium antisite defect, GaAs. The density of this hole trap is

quite high (NT varies from mid 10IS cm-3 to mid 1016 cm- 3 ) . It was ob-

served for the first time in the LEC p-GaAs specimens by the DLTS technique.

In addition to the hole trap observed in these p-GaAs samples, we also

observed an electron trap with activation energy at Ec-O.12 eV and Ec-0.18

eV; this is shown in Fig. 7.16. Table 7.3 summarizes the defect parameters

deduced from the DLTS and C-V data for several LEC grown p-GaAs samples.

3

1" 38

i[



vvp

V1 L i_-- ----EL -N-E N

t0 0ab

i, ,0

ib) t<ta

. . . . . b.
P'- 41 ] - I Et L

(d) L>tlb

(c) taSttb

Fig. 7.1 Schematic diagrams of minority carrier injection process in a p-n diode 
in

the DLTS measurement.

* {

t :." % =. ...

4.-



.b -E-

(C(L

(b) t <taL

It ,

/ ' (d) t>tb,

(c) ta!L"tb

Fig. 7.2 Schematics of majority carrier inject ion process in a p-n diode in

the OLTS measurement.

4- - - - .-. ,..--.- - - - -

I



801720

100 150 200 250 300

T (K)

Fig. 7.3 Peaks of OLTS signals shifting as a function of emission rate.
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Fig. 7.5 DITS scans of electron traps for VPE GaAs samples grown on (100) oriented substrates
with Ga/As ratio varying from 2/1 to 6/1.
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Fig. 7.6 OLTS scans of electron traps for VPE GaAs samples grown on (100) and (211A) substrates
with Ga/As ratio m2/1. Both samples were grown under identical conditions.
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Fig. 7.8 DITS scans of electron traps for two VPE samples with(100) and (211A) orientations and
Ga/As ratio equal to 4/1.
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Fig. 7.10 DITS scans of electron traps for the VPE GaAs samples grown on (211A) and (211B) oriented
substrates with Ga/As ratio -5/1.
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Fig. 7.15 The temperature dependence of hole emission rate and capture

cross section of the hole trap observed in LEC p-GaAs sample. 1
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Table 7. 1 Electron trap parameters vs. growth parameters in VPE GaAs

3 Electron Traps Ga/As Growth
Sample No. Orientation ND (cm) ET (eV) NT (cm-3 ET (eV) NT (cm-3 ratio temp. (*C)

35 CA 100 6.7x104 EB4 , - EL2 - 7.6x102 2/1 715
E c-.71 EC-0.83

35 CB 211A 1.7x1015 " - " 1.2x104 2/1 715

75 A 100 7.2xlO14  o - 1.5xlO13  3/1 725

75 B 2118 3xlO15 i 3.9xi0 - 3/1 725
15 12 1

76 A 100 3xlO15  " 2xlO13 2.2x103 4/1 725

76 B 211A 5.5x10 3x10 3 " 9x10 4/1 725

77 A 100 x1O15  8xlO1 " 2.6xlO12  4/1 750

77 B 211A 7.2x1015  " lx1 3  " 1.2xlO13  4/1 750
77 BB 211B 5.6xlO15 lx1013  1.6xlO 13  4/1 750

78 B 211A 3.7xO1 " 4.3x1 - 5/1 725
1613 14

78 BB 211B 1xlO 16  " 2.9x103 " 1.4x10 5/1 725

37 HA 100 1.3xO1 lxlO " 8.6x101 6/1 725

1537 an 211A 3.lx0O 2.x1011  12 6/1 720

39 HO 211A 7.2x 11.2x67

U .4

- -



Table 7.2 Grown-In Deep-Level Defects in LPE GaAs* (Hughes' samples)

Sample No. GrwhTemperature Electron Trap N (cm3) N~ (C-3 01P layer
and cooling rate Level (eV) NTNTsm thickness (jim)

LEPI-45 7000C, 0.40C/min. -- "'9xl15 2

LEPI-46 700*C, 1*C/min. E C-0.71 10 14 l.6xl0 1 6  3

LEPI-43 800*C, 0.4*C/min. n, "10 165

LEPI-44 800*C, 1*C/min. E C-0.71 1.6x13 WO 16 7.5

*Grown by infinite solution melt liquid phase epitaxial technique at Hughes

Research Laboratories.
';Determined from C-V method.
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Table 7.3 Defect Parameters in the LEC grown p-GaAs samples

NA (cm- ) Electron Trap Hole Trap

Samples

77 K 300 K ET (eV) NT (cm- 3 ) ET (eV) NT (cm-3)

17 17 16 1
#1-3 2.8xlO 4.lxlO Ec -0.12 1.xl0 E+O.134  6.7x1016

#2-1 4xlO16 4.4x1016 E-O.18 I615 8x10 1 5  I

#2-2 3.8xlO16  4x1016 EO.18 1.3x1015 5.8x101 5 I

#2-10 5x1016 6.7xi016 Ec -0.1 1.4x1016
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t
VIII. THERMAL AND RECOMBINATION ENHANCEMENT (R-E) ANNEALING IN GaAs

There are three thermal annealing stages in gallium arsenide [34]. The first

two thermal annealing stages in GaAs occured at 235 K and 280 K, which has

been studied in some details by Thoumen [35]. Annealing properties in this

temperature range have also been observed by Stein (36], Jeong et al [37,38],

and Kalma [39]. The third stage occured in the vicinity of 500 K, which

have been observed by researchers studying the annealing behavior in the

irradiated GaAs. The kinetics of this stage have been studied by Aukerman

and Graft [40]. Recombination-enhanced annealing was first studied by Lang

and Kimerling [41] in one-MeV electron irradiated GaAs. Weeks et al [42]

analyzed the thermodynamics of recombination enhancement annealing and showed,

I using unimolecular reaction rate theory, that the thermal annealing activation

energy of a defect is reduced by an amount less than or equal to the energy

released during carrier capture by the defect, provided that the electronic

)energy can be transferred into the lattice vibration mode which drives the

defect motion. During annealing process, defect receives energy created by

thermal vibration or recombination process, enabling it to move back to its

original lattice site.

j 8.1 Annealing Mechanism

Consider a defect which has an electronic trap level lying deep in the band

gap of a semiconductor, with energy AEc below the conduction band. The elec-

tron will be confined to a small region of space in the vicinity of the defect.

In addition, because of the difference in mass or coupling to the rest of the

lattice, there will be several localized vibrational modes associated with
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the defect. In order to be captured by the defect, an electron must lose en-

ergy AE to go from its "free" conduction band state to a bound state localized
c

around the defect. Localized vibrational modes are characterized by large

vibrational amplitudes of atoms in the vicinity of the defect. These

vibrations are strongly affected by differences in local binding between the

free and trapped electronic configurations. A small fraction of the energy

&Ec may be converted into delocalized lattice vibrations, particularly if

trapping occurs by a cascade mechanism. Thus, almost all the energy which

is initially deposited into the localized modes of the defect molecule, will

eventually flow out to the rest of the lattice as thermal equilibrium is re-

established. However, before this occurs, it may be used to promote defect

reaction such as diffusion. The number of defects are normally affected by

two annealing processes, namely, the thermal annealing and the recombination-

enhancement annealing processes. We shall briefly consider the thermal and 1
the recombination-enhanced annealing mechanisms here to aid our explanation
of the annealing behavior observed in the VPE GaAs samples. For the thermal

-I

annealing process, the annealing rate is in general an exponential function

of the temperature, and can be expressed by:

Ka (thermal) - Kt exp(-E*/kT) (8.1)

where Kt is a proportionality constant, and E* is the thermal activation

energy for the defect annealing.

When recosbinatio-enhancement (R-E) annealing process is added to the thermal '
annealing process, the annealing rate due to the R-Z process is given by:

Ka(R-E) -K* e p C-E /kT) (8.2) if

whore E = ER + E* - As (8.3)

Ka is a proportionality constant.
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In Eq. (8.2), E is the recombination-enhanced activation energy. E* is
e

jthe thermal activation energy defined by Eq. (8.1). ER is the electron-

hole pair recombination activation energy. AE = E -Et is the minority carrier

capture energy (Eg is the bandgap energy; Et is trap energy level). From

Eq. (8.3), it is noted that the R-E activation energy is lower than the thermal

annealing activation energy E*. Thus, it is obvious that the electron-

hole pair capture process can be used to promote annealing reaction and to

reduce the annealing activation energy.

From the above discussion, it is clear that the recombination-enhancement

annealing process will be most useful and effective if the defects to be an-

nealed are the recombination centers in which capture of electron-hole pair

is possible.

8.2 Thermal and Recombination-Enhancement Annealing Experiment in VPE GaAs

Low temperature (200 to 230*C) thermal annealing and recombination-enhancement

annealing (by forward bias injection) experiment was performed on one VPE

GaAs sample with Ga/As ratio - 2. In this sample, two electron traps (EB4

and EL2) with energies of Ec-0.71 eV and Ec-0.83 eV were observed. The DLTS

scans for each of these two electron traps were shown respectively in Fig.

8.1 and Fig. 8.2, under various annealing conditions. Fig. 8.1 shows the EL2

electron trap (E.-0.83 eV) before and after combined thermal (200*C, 20 and

100 amins.) and recombination enhancement (R-E) annealing. The results show-

ed that the reduction in the density of EL2 is small after annealing. The

reason for this may be due to the fact that EL2 level is very deep and is not

an effective recombination center , and the thermal annealing activation

* I energy is quite large. Unless higher annealing temperature and higher
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injection current are applied to the sample, it is unlikely to see a signifi-

cant reduction in the density of EL2 level in this VPE GaAs by the combined

annealing process. To validate our argument we performed an annealing study

on the EB4 level. The annealing temperature was increased to 230*C and the

forward bias increased to 1 and 2V. The DLTS results are displayed in Fig.

9.2. The EB4 electron trap is a midgap (Ec-O.7l eV) level which is an

effective recombination center. Thus, combined thermal and recombination

enhancement annealing process should be more effective in this case for

reducing the density of the EB4 level. This is indeed the case, as is clearly

illustrated in Fig. 8.2. The density of EB4 level was reduced substantially

followed by a 2 hour 230*C thermal annealing and by applying a forward bias

injection (R-E) annealing. Additional studies of the annealing behavior

in the VPE, LPE, and LEC grown GaAs samples are currently being undertaken,

and the results will be reported later. 3
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VPE GaAs
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IFig. 8.1 DLTS scans of EL2 level as a function of combined thermal

* and recombination-enhanced annealing condition.
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VPE GaAs
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Fig. 8.2 DLTS scan of E84 electron trap vs different annealing

conditions( combined thermal and injection annealing ).
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IIX. SUMMARY AND CONCLUSIONS

J
Studies of grown-in deep level defects and transport parameters in gallium

arsenide grown by VPE, LPE, and LEC t- "hniques under various growth conditions

have been carried out in this work. The main technical finding and conclusions

are listed as follows:

i) VPE GaAs Samples Grown by a Novel Ga/AsCl 3/H 2 Reactor System:

Study of the grown-in deep level defects in n-type VPE GaAs samples vs.

substrate orientations, Ga/As ratios (2/1 to 6/1), and growth temperature

(715 to 750C) has shown that one to two electron traps (i.e., EB4 = Ec-0.71

eV, and EL2 - E c-0.83 eV) exist in these VPE GaAs samples. From the results

of our DLTS and C-V analysis, it is found that (1) background carrier concen-

Itration are two to five times higher for the <211 > samples than the <100>
samples; (2) defect density was in general higher for the <211> samples than

:he <100> samples, (3) density of EL2 level was found to decrease with in-

creasing Ga/As ratio for the <211A> samples, and increases with Ga/As ratio

for the <211B> samples, (4) for the <100> samples, the density of EL2 level

may either increase or decrease with Ga/As ratio depending on the types of

defects formed during the growth, (5) the EL2 level may be attributed to

either antisite defect (AsGa) or gallium-divacancy defect, (V Ga) 2 , (6) the

EB4 electron trap may be due to the bound pair of antisite defect, AsGa GaAs'

which is a neutral defect, (7) the combined thermal and recombination en-

hancement annealing process can effectively reduce the density of grown-in

defect such as EB4 studied in this report, and (8) increasing growth temper-

ature from 715 to 750*C appears to be beneficial for reducing defect density

in the VPE GaAs.
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(ii) LPE GaAs Samples Grown by Infinite Solution Melt Technique:

Studies of the grown-in defects and transport properties in four n-type

LPE GaAs specimens vs. growth temperature (7000C and 8006C) and temperature

drop rate (0.4*C/min. and 1*C/min.) have been made in this work. The results

showed that only one electron trap (EB4) with energy of Ec-0.71 eV was ob-

served in samples grown at 700 and 800*C with temperature drop rate of 1C/

min. (none for the 0.4*C/min. drop rate samples). Resistivity and Hall

effect measurements showed that sample grown at 700*C with 0.4°C/min. drop

rate has the highest electron mobility and lowest carrier concentration at

77 K. Thus, reducing the temperature cooling rate during the epitaxial

layer growth appears to be benefical for reducing the density of grown-in I
defects in the LPE GaAs. 1
(iii) GaAs Samples Grown by LEC Technique:

Studies of grown-in defects in p-type GaAs specimens grown by liquid encap- j
sulated Czochralski technique have been made using DLTS and C-V methods. The

results showed that a new hole acceptor level with energy of Ev+0.080 eV j
(after correction of temperature dependence factor in the capture cross sec-

tion) has been observed in the LEC grown p-type GaAs samples; the density of

16 -3
this hole trap is around 10 cm , and its origin is believed o be due to

the gallium antisite double acceptor center(I.e.GaAs)as confirmed by the Hall

effect and photoluminescence measurements. An electron trap with energy of

Ec-0.18 eV has also been detected by the DLTS measurement. However, the den-

sity of this electron trap is significantly lower than that of the hole trap I.
reported above. 1
(iv) Al 0 3 Gao 7As and GaAs LPE Samples:

Studies of the grown-in defects and thermal annealing effects in

AI Ga As and GaAs epitaxial layers grown by liquid phase epitaxy technique0.3 0.7 6

o. 
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Ihave also been carried out in this work, and the results are described in the
I paper attached in the appendix of this report. It is interesting to note that

the defect spectra observed in the Al0 .3Ga0 .TAs LPE samples are totally diff-

erent from that of GaAs LPE samples, as shown in the appendix.

From the results of our study of the grown-in defects and transport properties

in the VPE, LPE, and LEC GaAs samples, it is clear that grown-in defects and

background carrier concentration are sensitive to the growth conditions,

stoichiometry and substrate orientations. Therefore, a systematic study of

the grown-in defects vs. growth parameters in the lll-V compound semiconduc-

J tors should be conducted in order to gain new insight concerning the physical

origins of the grown-in defects in these materials.

The future plans for this research program will be to continue our present

efforts and to extend our study to include InP and Other III-V ternary com-

pound semiconductors.
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X. INTERACTIONS WITH RESEARCHER AT THE GOVERNMENT AND INDUSTRIAL LABS.

In an effort to promote the exchange of research results and to foster coop-

eration among those currently being supported by AFPSR, Dr. G. L. Witt, the

program manager at the AFPSR, has encouraged this principal investigator to

interact with researchers at the Air Force Avionic Lab. As a result, Dr. Li

was invited in July, 1981, by Dr. P. Stover to give a seminar on the defect

characterization in GaAs and other III-V compounds at the Avionic Lab.

Subsequently, technical collaboration was established among Drs. Li, Colter,

and Litton, in which Dr. Li has agreed to perform defect characterization

on the VPE GaAs samples prepared by Dr. P. C. Colter at the Avionic Lab.

More than a dozen of the VPE GaAs samples prepared by Dr. Colter have been

sent to Dr. Li for characterization, and the data presented in section-i of

this proposal are part of the result of this collaboration. In addition, a

joint technical paper has also been prepared and presented at the

SPIE technical symposium, held in Los Angeles, on January 25-28, 1982.

It is anticipated that this collaboration will be continued in the second

year of this research program in which characterization of III-V compounds

grown by the VPE, MBE, and MOCVD techniques will be made by Dr. Li in the

second year program. Technical collaboration between Dr. Li and R. Loo of

Hughes Research Lab. has also been fruitful, Dr. Loo has grown high purity

GaAs LPE layers by using infinite solution melt technique for Dr. Li to study

grown-in defects in these samples. Some of the data presented in section 1

of this research proposal are the results of this collaboration. In addition,

Dr. S. Bedair of the Research Triangle Institute, has also prepared several

Al Ga As samples by using the LPE technique for Dr. Li to study the grown-in
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defects in the III-V ternary compounds. The results of this study have been

I published or presented at the conferences [3-4].I

Initial contact with Dr. John Kennedy at Rome Air Development Center has been

made to discuss possible collaboration on characterization of defect and

transport properties in the InP material. Dr. K. Vaidyanathan of Hughes

Research Lab. has also expressed interests in establishing a technical collab-

oration with this principal investigator to work on defect characterization

in IaP materials. Some p-type InP Schottky diodes made by Hughes Research

Lab. has been received by Dr. Li for defect study.

In addition to the interactions cited above, Dr. Li has also been working

closely with Dr. P. W. Yu at the Air Force Avionic Lab., on p-type GaAs mater-

ial grown by the liquid encapsulation (LEC) technique. This joint research

effort has been focussed on the characterization of a new acceptor level

1(hole trap with energy equal to 80 meV) discovered recently in the LEC grown
p-GaAs material by the DLTS photoluminescence and Hall effect measurements.

Dr. Li will also be working closely with Dr. Tim Anderson at the Department

of Chemical Engineering of the University of Florida, who is currently setting

up an LPE growth facility for growing the InP and InGaAs P compound semicon-

ductors. His program is supported by Dr. John Kennedy of Rome Air Development

4 Center. Dr. Li will study the defect and transport properties in the samples

prepared by Dr. Anderson, starting in September, 1982.
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XI. CONFERENCE AND JOURNAL PUBLICATIONS

During the first year of this research program, several papers have been
prepared for presentation at the research conferences as well as for the
Journal publications. These are listed as follows:

1. S. S. Li, W. L. Wang, P. C. Colter, C. W. Litton, D. C. Reynolds,
D. C. Look, P. W. Yu, "A Novel Ga/AsC1 /H Reactor for
Controlling Stoichiometry in the Growth o Vapor Phase Epi-
taxy (VPE) GaAs," Proc. of the SPIE Symposium, presented
at the Los angeles meeting, Jan., 26-28 (1982).

2. S. S. Li, C. Y. Lin, S. M. Bedair, and J. A. Hutchby, "Study of Grown-
in Defects and Effect of Thermal Annealing in Alo.3Ga0 .7As
and GaAs LPE Layers," J. of Electronic Materials,vol. 11,
pp. 273-287 (1982).

3. S. S. Li, W. L. Wang, P. C. Colter and C. W. Litton, "Studies of
Grown-in Deep Level Defects vs. Growth Parameters in the VPE
GaAs Layers," to be presented at the Electronic Materials Conf., I
Fort Collins, CO, June 23-25 (1982). Paper will be published
in J. of Electronic Materials.

4. S. S. Li and W. L. Wang, "Studies of the grown-in Defects and Transport I
parameters vs. Growth conditions in the LPE and VPE GaAs,"
submitted to the International Meeting on the Relationship
Between Epitaxial Growth conditions and the Properties of Semi- !
conductor Epitaxial Layers," Perpignan, France, Aug. 30-Sept. 1
(1982).

5. P. W. Yu, W. C. Mitchel, M. C. Mier, S. S. Li, and W. L. Wang, "Evidence
of Intrinsic Double Acceptor in GaAs," Appl. Phys. Lett.,
submitted (1982).
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I XII. LIST OF PERSONNEL INVOLVED IN THIS RESEARCH PROGRAM

In addition to the individuals cited in section X., from government and indus-

Ij trial labs., several of Dr. Li's graduate students, W. L. Wang, K. W. Teng,

and H. Saban, and his research associate, Dr. D. W. Schoenfeld, have all

made significant contribution to this research program. Drs. P. C. Colter,

R. Y. Loo, S. M. Bedair, and P. W. Yu are the key contributors from government

and industrial labs. to this research project.
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STUDY OF GROWN-IN DEFECTS AND EFFECT OF THERMAL ANNEALING
IN Alo. 3Gao. 7As AND GaAs LPE LAYERS
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Studies of the grown-in deep-level defects in the undoped
n-AlxGal-xAs (x = 0.3) and GaAs epitaxial layers prepared
by the liquid phase epitaxy (LPE) techniques have been made,
using DLTS, I-V and C-V measurements. The effect of 300 *C
thermal annealing on the grown-in defects was investigated
as a function of annealing time. The results showed that

significant reduction in these grown-in defects can be
achieved via low temperature thermal annealing process. The
main electron and hole traps observed in the A10 3Ga AS
LPE layer were due to the Ec-O. 31 eV and EV+0.18 eV level,
respectively, while for the GaAs LPE layer, the electron
traps were due to the Ec-0.42 and 0.60 eV levels, and the
hole traps were due to Ev+0.40 and 0.71 eV levels.

Key words: Deep-level defects, Al0 .3Ga0. 7As, GaAs, DLTS,
thermal annealing, LPE layer.

Introduction

Al1 Gal.xAs/GaAs material system has been used in a
variety of applications ranging from the LED's, lasers, and
microwave devices to solar calls [1-51. For example, a cas-
cade p-n junction solar cell structure with open circuit
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voltage exceeding 2 volts has been repcrted recently using
AlxGal-xAs/GaAs material system (1]. The performance of
these devices depends greatly on the quality of the

AlxGal-xAs/GaAs materials. In an effort to improve the
growth of high quality AlxGalxAs/GaAs epitaxial layers and
to understand the fundamental limitation imposed on these
materials, we have conducted a study task which aims at
understanding the electrical properties of the grown-in
defects and their correlation to the performance character-
istics of the AlxGalxAs/GaAs cascade solar cells. To
achieve this goal, methods which could lead to the elimina-
tion or reduction of the grown-in defects in this material
system were explored. Low temperature thermal annealing is
one of the methods employed in this study. Several measure-
ment techniques such as DLTS [6-7], C-V, and I-V methods
were used to determine the defect energy levels and defect
density as well as recombination parameters. The devices
used in this study consist of a Be-diffused A
and GaAs p-n junction diodes as well as the Ge-dope
Alo.3Gao 7As p-n junction diode. Thermal annealing was per-
formed at 300 *C for 2 and 5 hours in both the A1o. 3Gao.7As
and the GaAs LPE samples. The results of our study on the
effects of a 300 *C thermal annealing on the grown-in deep-
level defects in the Alo. 3Gao 7As and GaAs LPE layers will
be discussed in this paper. Complete characterization of
the defect parameters in the annealed and unannealed
AlxGal_xAs and GaAs LPE layers was carried out in this work.

Experimental Details

Liquid phase epitaxy (LPE) technique was used to fabri-
cate both the abrupt (Ge-doped) and the diffused (Be-doped)
AlXGal.-As and GaAs p-n junction mesa diodes for the study
of DLTS, C-V, and I-V data. Fig. 1 shows four different
diode structures fabricated for this study. Fig. la is the
Be-diffused Alo. 3GaO. 7As p-n junction diode structure (Y-
015B); Fig. lb is the Be-diffused p-Alo.9Gao.7As on
n-Alo. 3Ga0 .7As p-n junction diode (Y-015C); Fig. lc is the
Ge-doped AIO.3GaO.7As p-n junction diode (L-119D) and Fig.
ld is the Be-diffused p-AlO.3Gao.TAs on n-GaAs p-n junction
diode (L-138D). The high band-gap p-AlxGal.xAs top layer
is normally served as a window layer in the solar cell
'structure, and is much more heavily doped (S5xlO 18 cm- 3)
than the undoped n-AlO. 3GaO.7As and n-GaAs LPE layers.
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Fig. 1. The junction structures for the Be-diffused and

Ge-doped AIGai.,As p-n diodes fabricated by
liquid phase epitaxy (LPE) techniques.

Thus, defect characterization by the DLTS method on the de- i
vice structures shown in Fig. 1 is mainly confined in the
undoped n-Alo.3"ao.7As and n-GaAs LPE layers. However, some

influence from the p-AlxGal.As epitaxy layer can be expect-
ed in the measurements.

The growth temperature for these samples was held at

800 "C with I C/min. cooling rate. The abrupt junction
structure shown in Fig. lc consists of a Si-doped n-GaAs
substrate with no - 2xlO18 cm-3 and <111> orientation. Un-

doped n-Al0 .3Ga0 .7As and Ge-doped p-Al 0 3Gao 7As epitaxial

layers were grown subsequently on this GaAs substrate by -

the LPE technique. The Be-diffused junction structures
shown in Fig. la and lb were identical to the high-bandgap
junction used in the cascade solar cells reported previously

by Bedair at al. [1]. The Be-doped p-AlxGal-xAs window j
layer of 0.2 um thick was grown on the undoped n-A1O. 3GaO.?As

LPE layer. During the process of growing the window layer,

"Be" was diffused into the undoped n-Alo. 3Gao. 7As and n-GaAs
layer to form a diffused p-n junction with junction depth of

0.5 to 1.0 um. The carrier density in the undoped n-Alo 3-
GaO.TAs layer was around 1016 to 1017 cm

"3. The Deep-Level

Transient Spectroscopy (DLTS) technique (6-71 was employed 7

to identify "grown-in" electron and hole traps in these

samples, and the capacitance-voltage (C-V) nmasurement was
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used to determine the background dopant concentration in the
undoped n-Al0o 3Gao 7As and n-GaAs LPE layers. The forward
I-V measurement was used to determine the dominant current

component in these diodes. The results are discussed next.

Results and Discussions

Forward I-V characteristics were first studied to de-
termine the dominant current component (i.e., recombination
or diffusion current) in these diodes (4]. For example, if

the recombination current in the junction space charge region

of the diode dominates the forward I-V characteristics, then

//

- 0

AIX

p b Sp

I v (VOLT)

Fig. 2. The forward I-V characteristics curves for

the four AlxGal_xAs p-n junction diodes

shown in Fig. 1.
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the I-V relation can be described approximately by [4]:

qnlWA(1
-" A -- WAexp (-qV/nkT) (1)

0

where q is the electronic charge; ni is the intrinsic carrier
density; W is the depletion layer width; A is the junction
area; to is the effective carrier lifetime in the junction
space charge region, and 'n" varies between 1 and 2. Fig. 2
illustrates the forward I-V curves for the four different
diode structures shown in Fig. 1. The results showed that
the Be-diffused AlGa As p-n diodes have a much higher dark
current values than thiat of the Ge-doped AlxGa 1_,As p-n diode,
while the Be-diffused GaAs p-n diode (L-138D) has the lowest
dark current value. In addition, the diode ideality factor
"n" was lower for the Ge-doped Alo. 3Gao 7As diode than the
Be-diffused diodes. The values of 'n" were found to vary
between 1.77 and 2.08 for these diodes. This is a clear in-
dication that the recombination current via the deep-level
defects in the junction space charge region was the dominant
current component in these diodes, and this recombination
current component was found closely related to the density
of grown-in defects in the junction space charge region of
the diodes, as was confirmed by our DLTS data for both un-
annealed and thermal annealed sample. Fig. 3 shows the for-
ward I-V curves for diode Y-015C (Alo. 3Gao 7As) as a function
of annealing time. A 300 @C thermal annealing for 2 and 5
hrs. reduces the forward dark current drastically. This
result was directly related to the reduction of the grown-
in defects in these samples as revealed by the DLTS data to
be discussed next. The background dopant density in the un-
doped n-Al0 3Gao 7As and n-GaAs LPE layers varies from I
2.5x10' 5 to 3 x i016 cm"3. Fig. 4 shows the DLTS thermal
scans of the electron trap for samples L-119D and Y-015B and
Y-015C. The activation energy for this electron trap is
Ec-0.31 eV, and the trap density is 6.6xi01 2 cm- 3 for Y-015B, J
6xlOll cm- 3 for Y-015C, and 9.3x101 0 cm- 3 for L-119D. The
results showed that grown-in defect density is lower in the
Ge-doped diode than the Be-diffused diodes. The results
further revealed that defect density decreases with increas-
ing x" in the top p-AlxGal-xAs window layer indicating that
the observed Ec-0.31 eV electron trap is affected by the amou-
nt of Al in the p-layer.Fig.5 shows the optical DLTS scans i
of hole trap (Ev+Q.18 eV) for the "Be"-diffused and "Ge"-
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l-aY diodes Tefreul aga ishe d that

the ensty thi hoe tap as lwerforthe"Ge" doped
sample than the "Be"-dif fused samples. Possible explanation
for the observed results shown in Figs. 4 and 5 is that the
"Be" dopant, which was used to form a p-n junction in the
Ai. 3 Ga. 7 As LPE layers, is a fast diffusant and can pene-
trate deeper into the undoped n-A 0  3Ga0  As LPE layer than
the "Ga" impurity. As a result the observed defect density
in the undoped i-Al 3 Ga 7As LPE layer is higher for the
"Be" diffused diodes than for the "Ge" doped diodes. Fig. 6
shows th DLTS thermal scans of hole traps for samples Y-015C
and L-138D. One hole trap with energy of E+.8 eV was ob-
served in diode Y-015C (in the undoped n-Alo.a o. a 7As LPE
layer) and two hole traps with energy of Ev+0.40 and +0.71
eV were observed for diode L-138D (GaAs LPE layer). The
two hole traps (known as "A" and "B" centers) observed in
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ELECTRON TRAP

S2 3 Y-15C

77 J00 150 200 250 300

TEMdPERATURE (K)

Fig. 4. DLTS thermal scans of the electron trap (Ec-0.
3l eV)

for the Be-diffused Alx~al-,As diodes (Y-015B and Y-

015C) and Ge-doped AiC. 3Ga 0 .7As p-n diode (L-ll9D).

sample L-138D have also been reported in the literature for

GaAs [8]. Table 1 suimarizes the calculated and measured

defect parameters for the undoped n-Al0 .3Gao. 7As and n-GaAs

LPE layers. Note that calculations of the defect parameters
such as trap energy level and density, capture cross section
and electron lifetimes from the DLTS and C-V data have been

described in our previous publication [9) and will not be

elaborated further here. j
To investigate the effect of low temperature thermal

annealing on the grown-in defects in both the Alo.3Gao.7As

and GaAs LPE layers, we have performed a 300 *C thermalI

annealing experiment for samples Y-015C and L-138D for 2 and

5 hrs., and the results are shown in Figs. 7 through 9. Fig.

7 shows the DLTS scans of electron trap for three Y-015C 1

7
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HOLE TRAPS
1, Y.OlBC

2 L.1190

4F 172$
"

7? 00 150 zoo 250

TEMERATURE IX)

Fig. 5. Optical DLTS scans of the hole trap (EvO.18 eV)
for diodes Y-015C and L-19D.

samples, one unannealed and two annealed at 2 and 5 hrs.,
respectively. The results clearly show that defects density
decreases with increasing annealing time. Similar results
were also obtained for the GaAs LPE layers (L-138D). This
is illustrated in Fig. 8 for two electron traps with energy
levels of Ec-0.4 2 and EcO .60 eV, and in Fig. 9 for two hole
traps with energy levels of E+0.40 eV (i.e., "A" center)
and Ev+0.71 eV (i.e., "B" center) [8]. Table 2 summarizes
the defect parameters deduced from the DLTS data for the un-
annealed and the annealed samples (Y-015C and L-138D). The
results shows that the defect density can be reduced by more
than one order of magnitude by a 300 OC anneal for 5 hrs..
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0404M

HOLE TRAPS

e =344 s'

t"136 0 r Q1I

77 20 50 zoo aso 500 350 400

TEMPERATURE (K)

Fig. 6. DLTS thermal scans of the hole traps for diodes
Y-015C (Ev+O.18 eV) and L-138D

(Ev+0.40 and +0.71 eV).

Conclusions

Characterization of grown-in deep-level defects in the
undoped n-Al0 .3Ga0 .7As and n-GaAs LPE layers using four dif-
ferent junction structures and two different p-dopants has
been carried out in this study by employing I-V, C-V, and
DLTS measurements. The effect of a 300 *C thermal annealing
an the grown-in defects in both Ao. 3Ga0 .7As and GaAs LPE
layers have also been studied. For the undoped A 0.3Gao.7-
As LFE layers, one electron trap with energy of Ec-0.31 eV
and one hole trap with energy of E+0.18 eV were observed in
both the "Be" diffused and "Ge" doped A10.3Gao. 7As samples.
It was also observed that by increasing the "Al" contents
in the p-AlGal-.As window layer will result in the decrease
of the trap density of Ec-0.31 eV level in the undoped Al0 .3-
GaO 7As LPE layer, the reason for this reduction is not clear
,and requires further study. As for the GaAs LPE layers,
we have observed two electron traps with energy of EcO.42

eV (Ell) and Ec-O.60 eV (EL3) and two hole traps with energy
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ELIECTRON TRAP
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'00 IS. 200 20
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Fig. 7. DLTS thermal scans of the electron trap (Ec-0.31 eV)

for three Y-015C diodes, unannealed and annealed at
300 *C for 2 and 5 hrs., respectively.

of Ev+0.40 eV (A) and 'Ev+0.71 eV (B). The two electron traps
observed in our LPE samples have not been observed previously
for the GaAs LPE materials but have been observed in the
V.P.E. materials (10]. The reason for this may be due to the
fact that the density of these two electron traps is very
small in the LPE samples (less than loll cm-3), and can only
be detected in a DLTS system operating at a frequency greater
than 20 MHz with a sensitivity better than 10- 4 (i.e., NTT/ND).
From the thermal annealing experiment, it is found that a 300
C thermal annealing for a few hours can effectively reduce
the density of the grown-in defects in both A1o.3Gao As and
GaAs LPE layers.

82

..... ..- - . : i 4 ,''- II



Study of Dfects and Annealing in GaAs 23

3. UKA,*.L0iED

Me 90 20 1 3W 300 40

T 19

Fig. 8. DLTS thermal-scans of the electron traps (E.2-0.42
and -0.60 eV) for three L-138D diodes, unannealed

and annealed at 300 *C for 2 and 5 hrs.
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HOLI TRAPS
tI UNJO LD

UMNNALID
-71 v 2.S t O C

1 WI!

Fig. 9. Optical DLS thermal scans of the hole traps k +0.40
and +0.71 eV) for two L-138D diodes, annealed at 300

*C for 2 and 5 hrs..
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Table 1. Measured and calculated D~efect parameters
in n-Al0  Ga0  As and n--GaAs LPE layers.

Sape Trap Density Capture Carrier Pyia

Sampe -3Energy level (eV) Crossi Section Lifetime oii

electron hole IEiectrod Hole n (cm ) p n(ips) rp -Electronifulel&

Y-1B6. 6x12 6xl12 E -0.31 E +0.18 3.27xl 13 _ 0.015- -(lie) c v

Y-015C 6.xO11 - .1 -- 13 _
(lie) 6.Ol E-.1- 4.23xl0 0.13 - -

L-119D 10 4x61
(Ce) 9.3xl0 - E c-0.31 - 4.491' - 0.79 - -

L- D 1 10 10 E -0.42 E +0.40 -12 - 0.35 - - "A"
7.Ixlfl_ 5.5xl0 c -V ___ _____

10 11 C-.0 v+.1 12xO-12 - 02
i1.7x10 4.lxlO E 06 E +0.71 l2xO - 02 B

+n 1NTT an~vn> <v > (3kT/m*)/2

I A1/N



Table 2. Defect parameters for the unannealed and the
annealed Al 0. Ga .7As and GaAs LPE layers.

Annealing Elavrrny Trap- 3os. *-3
Diode # condition 1.C-"- (eV)l N,,T*(cm ) E +ET(eV) NTrr(cm - ) D

Y-015C unainealed 0.31 1 6.0x.
1  

0.18 <100 2.6xO
16

Y-015C 300C, 2 hrs. 0.31 4.4x101 0.18 it 5.7x.10
16

Y-015C 300*C, 5 hrs. 0.31 3.6x101 0.18 of 3.5x10
16

L-138D unannealed 0.42 7.lxlO 10  0.40 5.5x1010 2.8x105

0.60 I. 7x1O I' 0.71 4.IxlO I I 3.6x101 5

L-138D 300*C, 2 hrs. 0.42 1.2x1010 0.40 2.7x0 I10 2.lxlO 15

0.60 4.7xlO10  0.71 2.4xi010 2.4x101

L-138D 300@C, 5 hrs. 0.42 l.OxlO 9  0.40 1.3x1010 2.5x101 5

0.60 6.6x109 0.71 1.5xlO10 2.4x105

tOTT is the trap densizy, and ND is the carrier density in the undoped K
n-Al0 .3Ga0 7As and n-GaAs LPE layers.. ND was deduced from C-V datz

and NTT is from DLTS data [9].
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